Based on more than 80 carbons, the paper shows that immersion calorimetry into benzene, water and carbon tetrachloride can be used to assess with a good accuracy the limiting capacitance C o at low current densities in both acidic (2 M H 2 SO 4 ) and aprotic (1M tetraethyl ammonium tetrafluoroborate in acetonitrile) electrolytic solutions. The enthalpies of immersion Δ i H(C 6 H 6 ) and
Introduction
Porous carbons have applications in electrochemical capacitors and they are the subject of active research, in order to identify the best potential candidates and to improve their performances. Obviously, electrochemical experiments can be performed directly in order to determine the fundamental EDLC properties, but a basic knowledge of the material is required in any case. As shown elsewhere [1] [2] [3] [4] , the structural and chemical characterization requires, as a minimum, the determination of an adsorption isotherm, for example N 2 at 77 K.
The latter provides information on the porosity and on the total surface area with the help of a comparison plot based on a non-porous reference [5] . More information can be gained from immersion calorimetry into liquids of molecular dimensions between 0.4 and 1.5 nm. It is a powerful tool for a refined characterization of porous carbons and provides information on the accessibility of the micropore system. Furthermore, immersion into water provides information on the oxygen content of the surface [2, 3, 6] . Since the accessible surface area of the carbon and its oxygen content play a role in the specific capacitance, it is logical to correlate them with the information provided by immersion calorimetry and adsorption isotherms. The present study develops the approach outlined earlier [7] [8] [9] [10] [11] and shows that a good assessment of the gravimetric capacitance at low current densities can be achieved on the basis of immersion calorimetry. Both properties, given respectively in F g -1 and J g -1 , are related to the unit weight of carbon as opposed to other studies more oriented towards the study of surface related capacitances, such as Chmiola et al. [12, 13] 2. Theoretical background
Electrochemistry
It has been shown recently [6, 8] 
The latter expression applies to carbons with average micropore widths L o > 0.75-0.80 nm and it is found that the ratio C o-aprotic / C o-acidic is approximately 0.54 ± 0.09 [9] .
In the case of the aprotic electrolyte, the contribution from the CO-generating groups to C o (a pseudo-capacitance effect) is small, even for chemically treated carbons (for untreated carbons, [CO] does not exceed 1-2 mmol g -1 ).
It has also been shown that a higher current densities C[j] acidic depends on L o (nm), the average width of the locally slit-shaped micropores and on the surface groups generating CO 2 in TPD [7] ,
where [CO 2 ] is given in mmol g -1 .
Since the ratio of [CO 2 ] to the total amount of oxygen [O] is relatively constant for a variety of activated carbons [7, [14] [15] [16] [17] , Eq. (3) can be replaced with a very good approximation by
Centeno et al. [9] 
Characterization by adsorption isotherms and immersion calorimetry
The foregoing section shows that the surface area of the carbon is an essential parameter in the EDLC properties and therefore its correct determination is of prime importance. As discussed elsewhere [3, 4, 8] As shown elsewhere [6] , immersion calorimetry into benzene and water also provides information on the total oxygen content of the surface,
[O] (mmol g -1 ) = (0.21
It is in good agreement with the total amount of oxygen obtained from thermally programmed desorption (TPD) and provides therefore an estimate of the capacitance C with the current density j, as given by Eq. (4).
It is also possible to dose the total amount of surface acidity by immersion calorimetry, using a 2M NaOH solution [26] . The acidic groups are the main contributors to the desorption of CO 2 in TPD [27] and therefore the number of meq NaOH per gram of carbon can be substituted to [CO 2 ] in Eq. (3).
Experimental

Structural and chemical characterizations
These techniques, described in detail elsewhere [1-5, 18-20, 23-29] , were applied to more than 80 porous and non porous carbons used in the present study. The comparison of the various approaches provides a reliable picture for porous and non porous carbons of different origins [3, 4, [7] [8] [9] [10] [11] 21] . Typical results corresponding to well characterized carbons are shown in Table 1 .
Electrochemical characterizations
The electrochemical measurements were carried out in a potentiostatgalvanostat Autolab-Ecochimie PGSTAT30. Sandwich-type capacitors were prepared with two carbon pellets (8 mm in diameter) separated by glassy fibrous paper and placed inside a Swagelok-cell. The electrodes (11-12 mg) were obtained by pressing a mixture of 75 wt% of carbon, 20 wt% of polyvinylidene fluoride and 5 wt% of carbon black (Super P). 2M H 2 SO 4 aqueous solution and 1M (C 2 H 5 ) 4 NBF 4 in acetonitrile were used as electrolytes.
The capacitance C o was determined by galvanostatic charge-discharge voltage cycles from 0 to 0.8 V in the acidic electrolyte and between 0 and 2 V in the aprotic medium, at a current density of 1 mA per cm 2 of electrode surface.
Results and discussion
As pointed out earlier [9, 28, 29] , relatively good correlations can be found between the limiting capacitances C o-acidic and C o-aprotic of pure carbons and their enthalpies of immersion into benzene, Δ i H(C 6 H 6 ). In the last analysis, this is not too surprising, since the electric double layer capacitance C o and immersion calorimetry are both related to surface effects. However, as suggested by Eqs.
(1)- (2), a fraction of the surface oxygen desorbed as CO in TPD also plays a role in C o , to which it contributes in the form of a pseudocapacitance. It follows that the picture can be refined by considering also the enthalpy of immersion into water Δ i H(H 2 O), since it is related to the oxygen content of the surface.
Using both enthalpies of immersion should improve the correlation with C o . This is true in particular for the acidic electrolyte, where the contribution from the COgenerating groups is relatively important.
As illustrated by Fig. 1 , the study of 89 porous carbons of different origins and with various amounts of surface oxygen leads to the correlation Variations of this ratio introduce relatively small changes in the overall correlation (6).
Eqs. (6)- (7) are useful tools to estimate the suitability of a carbon to be used as electrode in a supercapacitor with an acidic electrolyte, in the present case 2 M H 2 SO 4 . For other small electrolytes (for example KOH), the C o values are slightly different [8, 11, 21] and it is likely that similar correlations should apply.
In the case of the aprotic electrolyte, the situation is different. One observes a sharp reduction of the ratio C o-aprotic /C o-acidic ~ 0.5 for carbons with either a high fraction of micropores below 0.7 nm or larger pores, or with constrictions leading to 'gate' effects. Under these circumstances the (C 2 H 5 ) 4 N + ion will be partly excluded from the micropore system and the corresponding surface area.
It follows that a reliable correlation between C o-aprotic and the enthalpies of immersion into benzene can only be found for carbons with a majority of pores above 0.75 to 0.80 nm (Fig. 2) . For 72 carbons of fulfilling this requirement, one
with a correlation coefficient of 0.919.
Since the relative contribution of surface oxygen to C o-aprotic is much smaller than in the case of C o-acidic , it is not surprising that
The prefactor of only -(0.047 ± 0.056) F J -1 and the same correlation coefficient (0.919) confirm the limited influence of oxygen-containing surface complexes.
In the case of carbons containing a significant fraction of its porosity below 0.7 nm (see Table 2 ) the experimental values of C o-aprotic are smaller than predicted by Eq. (8) . This corresponds to the scatter observed in Fig. 2 Table 2 , one obtains (see Fig. 3 )
with a correlation coefficient of 0.932. As shown in Table 2 , in the case of 9
carbons with pore sizes below 0.75 nm, Eq. (10) provides a much better agreement than Eq. (8) . It is also interesting to note that in the limiting case of a high surface area graphite (HSAG-300) shown for comparison purposes in Table 2 , Eqs. (8) and (10) both lead to excellent agreements with the experimental value of C o-aprotic . This is due to the fact that the same surface area is accessible to both benzene and carbon tetrachloride and therefore to the acidic and aprotic ions.
Conclusions
The present study shows that (a) The techniques used routinely for the structural characterization of carbons (isotherms and in particular immersion calorimetry into benzene, water and carbon tetrachloride) can also provide information to assess the potentiality of porous carbons in supercapacitors. This approach allows a simple preliminary selection of relatively unknown carbons, before subjecting them to detailed EDLC characterizations. In view of its simplicity and the short time required for an experiment, the calorimetric technique can also be use for a preliminary assessment and for quality control, as it is already the case for applications in filtration technology.
(b) Eqs. (6) and (7) can be used for the prediction of the gravimetric capacitance C o-acidic on the basis of the enthalpies of immersion Δ i H(C 6 H 6 ) and Δ i H(H 2 O), which are also mass-related properties.
This approach is independent of surface-related properties recently considered by others authors [12, 13] . Moreover, with the help of Eq. 
